Prediction of carboxyhemoglobin formation due to transient exposure to carbon monoxide. J. Appl. Physiol. 76(4): 1739-1745, 1994.-Fifteen men were exposed to 6,683 ppm Cl80 for 3.09-6.65 min. Arterial and antecubital vein blood samples were drawn at l-min intervals beginning at the start of Cl80 inhalation and ending 10 min later. Simultaneously, alveolar ventilation was calculated from the measured values of minute ventilation and dead space. All other parameters of the Coburn-Forster-Kane equation (CFKE), except the Haldane affinity ratio, were measured separately in each subject. Means of CFKE predictions of increases in venous HbCO ( AHbCO) in samples collected ~2 min after cessation of exposure were accurate, but the range in errors of prediction for individual subjects was +3.8% HbCO, depending on the time after exposure cessation. Increases in venous and arterial HbCO were inaccurately predicted during and immediately after HbCO formation, however. Venous blood was overestimated during CO uptake because of a delayed appearance of HbCO. Individual subjects differed markedly in the degree of delay of HbCO appearance in venous blood. Arterial AHbCO was consistently underestimated either by the CFKE or by predictions based on venous blood samples. Thus, exposure of such organs as brain or heart to HbCO may be substantially higher than expected during transient high-level CO exposure. carbon monoxide; carboxyhemoglobin; arterial carboxyhemoglobin; venous carboxyhemoglobin; arteriovenous carboxyhemoglobin difference SHORT CARBON MONOXIDE (CO) exposures may occur in everyday life (e.g., exposure to gasoline engine exhaust from moving vehicles, in parking garages or tunnels), although it is not known how frequently such exposures involve high concentrations of CO in inhaled air (FI,,). In specialized occupational and military settings, exposures to high FIEF are not only more frequent but have the potential of rapidly raising arterial carboxyhemoglobin (HbCO) levels and thus acutely affecting brain or cardiac function (15)(16)(17). Various regulatory agencies required to set limits for FI,, invariably use a differential equation (2) known as the Coburn-Forster-Kane equation (CFKE) to estimate HbCO levels resulting from CO exposure. Therefore, knowledge of the appearance rates of HbCO in venous and especially in arterial blood during short exposures to CO is important in more than a theoretical sense.
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There are few studies of the adequacy of the CFKE for prediction of HbCO formation during and after transient (<lo-min) exposure to high values of FI,,. As part of a larger study (4), one or two subjects were exposed to a series of CO transients, and good agreement was obtained with CFKE predictions. Tikuisis et al. (15) exposed 11 subjects (at rest) to two sets of five transient exposures of CO. The two sets of transients delivered equivalent total doses (1 min at 7,500 ppm and 5 min at 1,500 ppm) and were equally spaced, such that exposure sequences lasted a total of 32 min for the 1-min transients and 36 min for the 5-min transients. Lung diffusion for CO (DL& and minute ventilation (VE) were measured on each subject. By the end of the exposure sequences, the predicted HbCO value lay within <l SE of the observed mean of peripheral venous bloods for each exposure set. Early in the exposure sequence (for the first 2 transients or about the first 16 min) the CFKEpredicted values of HbCO were frequently >l SE above the observed values. Mean errors of prediction were as high as 0.5% HbCO for HbCO values of -5%, thus overpredicting by -10% of the true value. This might imply that the CFKE works less well for short exposures or until a certain level of HbCO has been reached. Similar results were found in a second smaller study (17). Tikuisis et al. (16) recently tested the CFKE predictions in a study in which subjects were exercising or at rest. Peripheral venous blood samples were collected (dorsal hand vein) with hand and forearm heated (43-45°C). A small increase of HbCO was noted in the first sample after the beginning of exposure (30-s) and in subsequent samples HbCO continued to rise rapidly. The group mean venous HbCO was higher than the group mean of the CFKE predictions during the second half of CO uptake, continued to rise for a short time after exposure cessation, and then declined to CFKE-predicted level within 2-5 min. The authors hypothesized that the delayed HbCO appearance was due to a delay required to reach steady-state CO conditions in the lung and the time required to deliver blood to the hand. The CFKE underprediction of the observed HbCO during and shortly after the end of CO uptake was attributed to differences in blood circulation time in various regions of the body and the consequent delay of mixing of HbCO into the slower regions.
The present experiment was performed to test the CFKE during and shortly after resting exposures to CO of -5-min duration and high FI,, (-6,700 ppm help explain delays and errors of prediction. As many of the CFKE parameters as practical were measured in each subject.
METHODS
Subjects. Before the design of the main experiment, eight pilot subjects were tested to determine the necessary sampling times for blood and exposure parameters. Subjects for the main experiment were 16 healthy men. They were screened to be clinically normal, including a battery of chemical and hematologic tests, before being accepted for the study. All subjects had also been given extensive medical examinations, including a Bruce protocol exercise stress test. Before signing the informed consent, subjects were briefed about experimental procedures, risks, and safeguards. They were familiarized with the facilities and equipment before being trained to perform the required tests satisfactorily.
Procedures. The protocol for the study was reviewed and approved by the Committee on the Protection of the Rights of Human Subjects, School of Medicine, University of North Carolina and by the Office of the Surgeon General of the US Army.
On the day of the experiment, an arterial line (RA-04020, Arrow International) was inserted, under 1% lidocaine local anesthesia, into the radial artery of one forearm and a venous catheter (intravenous extension set 7-SL, Abbott) was inserted into the contralateral antecubital vein. Fifteen to 20 min later, the subject, while seated, began breathing from a mouthpiece via a Hans Rudolph 3700 series pneumotachometer connected to a three-way computer-controlled pneumatic balloon valve (Hans Rudolph 2540 series). One port of the valve was connected to the gas bag (50 liters of 6,683 ppm Cl80 with the balance of air) and another port to a separate previously evacuated loo-liter meteorological balloon for collection of expired gas.
After a short adaptation time (typically <l min), the balloon valve was switched from room air to bag gas (time 0) at the end of an expiration.
The subject then breathed from the supply bag until the bag had been evacuated. At this point, the valve automatically switched the inhalation port back to room air. The subject was coached during bag breathing to attempt to evacuate the bag in 5 min. The subject then continued to breathe room air from the mouthpiece for an additional 5 min, after which he was allowed to breathe freely.
Inspired and expired gas was continuously analyzed by a Perkin-Elmer model MGA-1100 medical gas analyzer (MGA) for the duration of mouthpiece breathing. The gases monitored were Cl80 (used instead of Cl60 to distinguish its mass from N, in the MGA), 0,) and CO,. Digitized (100 Hz, 12 bit) gas signals and airflow rate were stored for later analysis. Atmospheric pressure, relative humidity, and room temperature were recorded just before and just after the lo-min mouthpiece breathing.
Arterial and venous blood samples (-1 ml) were drawn simultaneously into 3-ml heparinized syringes at 5 s before exposure, at 30 s and 1 min after exposure, and at l-min intervals thereafter for 10 min. Shortly before a sample was to be drawn,. catheters were flushed with saline. The first aliquot (containing saline and blood) was discarded, and only a sample that had just been filled with fresh blood was used for analysis. Blood samples were put directly on ice. Subjects were asked to remain in the facility for observation until further blood samples indicated that their HbCO had fallen below 10%.
The HbCO in blood samples was analyzed in triplicate with an IL-282 CO-oximeter within 1 h after collection. The accuracy of the CO-oximeter was independently established by comparison with gas chromatography results. There were no differences between the HbCO determinations by the two methods.
All events in the experiment were timed by a microcomputer program written for the purpose. Events involving human actions, e.g., blood drawing and subject maneuvers, were signaled by computer-presented tones and messages. where all gas volumes, including alveolar ventilation rate (VA), are given in ml/min STPD, (HbCO) , is HbCO at time t after start of exposure (ml CO/ml blood), DL~~ is given in milliliters per minute per Torr, M (Haldane affinity ratio) = 245, (HbO,), is blood 0, content (ml O,/ml blood), and
Hb is hemoglobin concentration (g/ml blood), PB is barometric pressure (Torr), PC,, is average partial pressure of 0, in lung capillaries (Torr), VB is blood volume (ml), and %O is endogenous CO production rate (ml/min STPD on the day before the CO exposure. The subject breathed air through a mouthpiece assembly until his end-tidal volume had stabilized at a paced rate of 40 breaths/min (the expected rate during CO exposure). After this, he was switched to rebreathe from a 1.5-liter bag at twice his tidal volume for 20-30 s. The rebreathing bag was filled with a gas mixture (0.3% C180-9.0% He-21.0% O,-0.6% C&HZ-balance N2). Bag contents were sampled continuously by the MGA, and gas temperature was sensed by a thermistor in the flow stream. The calculated values were used in the CFKE.
During the CO exposure experiment, CO partial pressure in inhaled air (Torr) was calculated from the Cl80 concentration in the inhaled gas. \jE was calculated by integrating expired flow for each minute. Dead space volume was calculated as the average for each minute of breath-by-breath volume expired at the midpoint of the C"O washout signal. 7jA was calculated for each minute from the measured TjE and dead space ventilation. Hb and oxyhemoglobin (HbO,) were calculated from the total hemoglobin as measured by the IL-282 CO-oximeter with use of the control (time 0) blood samples. V, was calculated from the red cell volume as measured by the NaZ5Cr0, dilution method (14) -1 wk after the CO exposure.
Data analysis. The CFKE was used to predict HbCO at the end of each minute, corresponding to the blood samples, with HbCO at time 0 as the starting value. The CFKE was solved by a fourth-order Runge-Kutta method with a 1/50th-min time step. The value of VA for each minute was used in the prediction for that minute; otherwise previously measured values were used.
The variable of experimental interest was the error of prediction in peripheral venous blood at each minute. This error is defined as
where all terms are in percent HbCO. The statistical hypothesis to be tested was E, = 0.0 for t = 7,8,9, and 10 min in venous blood. This hypothesis is that the error of prediction for venous HbCO is zero once l-2 min have elapsed postexposure and equilibration is assumed to be complete. was chosen because I) pilot data and the work of others (16) indicated that the CFKE would predict poorly during the exposure because of delayed appearance of HbCO in venous blood, 2) primary interest for regulatory purposes was in the end result of exposure, and 3) venous blood is the usually sampled tissue. The hypothesis was tested with Hotelling's T2, simultaneously comparing the four values of E, against a vector of four zeros.
Step-down Student's t tests were conducted at each of the 4 min (19) . Other data were analyzed on an exploratory basis, because no statistical a priori hypotheses were made and the number of hypotheses were to be minimized to provide maximum test power, given the number of subjects (8).
RESULTS
Initial data screening. During initial screening of data from the present experiment, the mean arterial HbCO [2.08 t 0.08% (SD)] was higher than venous HbCO (1.39 t 0.12%) in baseline (preexposure) samples. It has been shown (18) that the HbCO readings of the IL-282 are artifactually elevated if the blood 0, saturation is high. Further exploration revealed that baseline venous samples with high HbO, values tended to also have high HbCO readings. Examination of venous HbCO measurements from another experiment verified this conclusion. This artifact would also tend to account for the relatively high baseline HbCO readings. Because of this problem, it was decided that all HbCO data (venous, arterial, and predicted) would be analyzed as increases from preexposure baseline (AHbCO) by subtracting the baseline value of each from subsequent values for each subject.
One subject was eliminated after comparison of expired air bag gas values disagreed by considerable amounts with integrated MGA values, indicating an unknown measurement error. Thus 15 subjects remained for study.
Main study. Table 1 is a list of physical and hemodynamic measures for each subject. The time required to empty the inhaled-air bag was 3.09-6.65 min [4.75 t 0.82 (SD)].
E, for venous blood AHbCO levels were computed for each of the four times in the hypothesis (minutes 7-l 0) for 15 subjects. Hotelling's T2 test was not statistically significant (F = 0.54, df = 4,8, P = 0.71). Table 2 gives the mean t SD and minimum and maximum values for E,, along with the step-down test results at each time. Mean E,, which were small and positive, were not statistically significant at any of the four times. Exploratory analyses. Figure 1 illustrates the differences in appearance times of venous HbCO, arteriovenous HbCO differences, and times required to reach equilibration. Figure 2 is a plot of the mean observed AHbCO in samples from the antecubital vein and radial artery and the predicted AHbCO increase from the CFKE. The overprediction of venous AHbCO is consistent with delayed appearance of HbCO in the venous compartment.
The underprediction of arterial and overprediction of venous AHbCO reflect the inadequacy of the CFKE under dynamic conditions (when equilibration is incomplete). The arterial blood mean AHbCO began to decline within 1 min of exposure cessation and progressively approached the mean venous value.
As an estimate of the amount by which venous and arterial samples may differ, the maximum observed difference between venous and arterial AHbCO, regardless of the exposure time, was found for each subject. The mean of these maximum differences was 6.2 t 2.7% AHbCO, the minimum was 2.3, and the maximum was 12.1.
The CFKE was derived under the assumption that the entire blood compartment was well equilibrated with respect to HbCO. Such equilibration was simulated by a weighted averaging of the peripheral venous and arterial blood HbCO measures at each time point, even though antecubital venous blood is not representative of all ve- nous blood. Venous blood was weighted by 72% of blood volume, whereas arterial blood was weighted by 28%. These values were calculated by apportioning capillary (5% of total) and heart (7% of total) bloods equally into the venous and arterial compartments and by apportioning 75% of pulmonary blood (9% of total) to the arterial compartment (3). Figure 3 is a plot of the weighted averaged arterial and venous AHbCO measures and the predicted AHbCO via the CFKE.
DISCUSSION
The rate of HbCO formation as a result of endogenous CO production and inhalation of low concentrations of CO was described by a differential equation, the CFKE (2). In deriving the CFKE, it was assumed that all the blood is contained in a single well-mixed compartment and that the tissue partial pressure of 0, (PtioJ is invariant. When FI,, is low and exposures are long, as was the case during initial experiments (2), these assumptions are valid and the CFKE accurately predicts mean peripheral venous HbCO (4, 6, 9, 10) . However, during rapid CO uptake resulting from exposure to high FI,,, the single well-mixed blood compartment assumption is invalid and different HbCO levels should be present simultaneously at various sample sites.
HbCO after equilibration. The accuracy of the group mean prediction by the CFKE was remarkably good compared with the group mean of peripheral venous AHbCO measured 2-5 min after cessation of transient exposure to high-level FI,, (Fig. 2, Table 2 ). This may disagree with the data provided graphically by Tikuisis et al. (15, 17) but agrees well with a later report from the same group (16). Apparently, the CFKE is an adequate model for HbCO prediction if sufficient time has elapsed after the cessation of high FI,, breathing, permitting arterial and venous blood to equilibrate.
Despite measurement of CFKE parameters in individual subjects in the present experiment, there were substantial errors of AHbCO prediction for arterial and venous blood in some subjects (Fig. 1, Table 2 ). Whereas the mean error was near zero, absolute errors in individual subjects ranged as high as 3.8% HbCO in minute 7 and, by minute 10, it was still 2.4% HbCO. It is very unlikely that such large deviations were due to HbCO measurement error (18) . The possibility was considered that the deviations were the result of errors of measurement of the CFKE parameters or drift in some of the parameters during the course of the experiment. This, however, appeared unlikely, because a recent sensitivity analysis of the CFKE parameters (7) showed that even large variations in the measured values would not have caused individual differences as large as those observed in the present study. Such individual differences may be important for assessment of individual risk during CO exposure.
HbCO before equilibration. The accuracy of the CFKE for predicting antecubital venous or radial arterial AHbCO during the phase of rapid CO uptake was poor (Fig. 2) . The group mean arterial HbCO was underpredieted by as much as 2% HbCO as opposed to the more moderate 1% HbCO error observed (16) for arterialized venous samples. The peripheral venous blood was correspondingly overpredicted during the same times.
The delay in appearance of HbCO in antecubital venous blood (-1 min) appears to be greater than that observed in dorsal hand veins (30 s) by Tikuisis et al. (16) . This likely represents a more rapid local circulation due to the heating of the hand, which was done to arterialize the venous blood.
The appearance time of HbCO in arterial blood was less than the 30-s time between the beginning of exposure and the first sample. The delay in radial arterial HbCO appearance is a function of the time required for the first inspiration, for CO diffusion, and for the transit -d _ e 0 - of pulmonary capillary blood into the arteries. These times are on the order of several seconds in normal resting humans.
It is important to note that the arterial HbCO rises to a considerably higher value during exposure than would be indicated by the usual procedure of sampling peripheral venous blood. Peak arterial AHbCO would have been underestimated by an average of >6% HbCO, and in one subject the arterial AHbCO would have been underestimated by 12.1% HbCO. The arterial HbCO would be underestimated during the entire transient exposure period and for a relatively short time (l-10 min) after exposure cessation. Exposure to even higher FI,, would further exaggerate the discrepancy between venous and arterial HbCO levels. Organs with functions that might be quickly affected by high arterial HbCO levels, e.g., brain and heart, transiently receive blood containing more HbCO than would be expected from the CFKE prediction or the venous blood observation.
The underestimation of arterial blood HbCO by peripheral venous sampling is probably even more extreme than indicated in the present data. One-second sampling of aortic blood in dogs artificially ventilated with 15 1.8% CO showed that transient HbCO can, for several seconds, exceed 60% (1). The sampling procedure used in the present protocol was not designed to detect such within-breath HbCO transients. However, an attempt was made to estimate the size of the aortic HbCO transients in the human subjects in the present exposure conditions with use of Fick's law and the assumption of "worst-case" conditions. Such calculations indicated that aortic HbCO transients in the present experiment (FI = 0.7%) would not have exceeded 45% at any time durY:g CO uptake. Nevertheless, under certain adverse conditions, and especially with high FI,,, HbCO transients of such magnitude could be of clinical importance.
Although the primary objective of the present experiment was to test the predictions of the CFKE under conditions of rapid CO uptake, several mechanisms were explored to explain the variable and sometimes large arteriovenous differences in HbCO during uptake. As shown in Fig. 3 , the average of the venous and arterial HbCO levels (each weighted by their volume) is predicted well by the CFKE. Thus it is unlikely that the factors that were not modeled in either uptake or retention of CO by the cardiovascular system are important.
What remain as possible explanations are delays in the mixing of arterial and venous blood due to the circulatory system itself.
A two-compartment system, representing venous and arterial blood volumes, assumes mixing within those compartments and blood flow between them equal to the cardiac output. In fact, any model with serially connected compartments must be subject to the following constraints: the volumes of the compartments must sum to the total blood volume, and the flows from each compartment to the next must be equal to the cardiac output. Furthermore, discrete delays, added to further retard the appearance of HbCO in venous compartments, must sum to no more than the ratio of blood volume to cardiac output; otherwise blood would "collect" in one or more compartments.
Because blood volume and cardiac output were measured in the present experiment, serial models could be empirically explored. Within the constraints of observed blood volume and cardiac output, no serial model, with or without discrete delays, could explain the results found in the present research. Indeed, assuming steady-state conditions, the range of calculated arteriovenous HbCO difference, with use of the Fick equation, was 2-4%. Although in a few subjects the predicted arteriovenous HbCO difference was close to the observed value, in most of the subjects the measured and predicted differences were quite different. Thus the Fick (2-compartment) model was unable to account for the striking variability and the sometimes large arteriovenous HbCO differences.
The data then suggest an elaboration of the CFKE with use of the same pulmonary uptake and elimination mechanisms but increase in the complexity of the modeled circulatory system. Such a complexity might be introduced by adding compartments as either functional (e.g., venous or arterial) or physiological (e.g., arm or digestive system) representations.
Furthermore the compartments may be added serially or in a more complex configuration involving parallel streams. The long delay in appearance of HbCO in the venous blood, coupled with the large variability in the delay between subjects, points to a model of the circulatory system that has one or more parallel compartments and is sufficiently detailed to allow for differences between subjects on the basis of individual physiology.
The conclusions from the present study are as follows. 1) After rapid CO uptake (exposure to 6,683 ppm VO) in resting subjects, the CFKE-predicted group mean AHbCO became indistinguishable from the group mean observed AHbCO in peripheral venous blood within 2-5 min after the end of exposure. 2) Substantial individual deviations from postexposure predictions persisted, despite use of measured CFKE parameters for the computation in each subject. 3) During and at the end of exposure to high FI,,, antecubital venous HbCO levels were overpredicted while radial arterial HbCO levels were underpredicted.
4) Considerably higher level of arterial HbCO occurred than would be predicted by the CFKE or would be estimated from a venous sample during inhalation of the high CO concentrations.
This could be relevant to acute effects on brain or myocardial function. 5) Accounting for the variation of observed arteriovenous HbCO differences across subjects will require the modeling of the circulatory system in substantial detail, including parallel compartments. 
